As a biopolymer with high mechanical strength, nanocellulose was increasingly studied to improve polymer properties. In this study, nanocrystalline cellulose (NCC) was efficiently isolated from eucalyptus pulp by double oxidation (ammonium persulfate oxidation and ultrasonic oxidation). The total yield of NCC (405.1 ± 180.5 nm long and 31.7 ± 9.5 nm wide) was 38.3%. A novel hybrid hydrogel was produced from polyvinyl alcohol (PVA) and NCC using the freeze-thaw technique. In this hybrid architecture, hydrogen bonds were formed between PVA and NCC. With the increasing proportion of NCC, the pore size of hydrogels shank gradually and the structure of the hybrid hydrogels became denser. The tensile strength of PVA/NCC hybrid hydrogels increased by 42.4% compared to the neat PVA hydrogel. The results showed that NCC can improve the swelling, thermal properties, and water evaporation rate of PVA hydrogels due to the hydrophilic hydroxyl groups of NCC and hydrogen bonds between PVA and NCC, indicating that PVA hydrogels would have a wider range of application due to the existence of NCC, a green hybrid filler. Most importantly, this novel double oxidation method for preparing nanocellulose will promote an efficient production of nanocellulose.
Introduction
As a three-dimensional network structure material, hydrogels have been studied extensively in the fields of biomedicine, agriculture, and environmental sciences for their excellent chemical and physical properties [1] and used in a variety of applications [2] , i.e. soft contact lens, separation membranes, biosensors, artificial muscles, and flow control [3] , superabsorbents [4] , and drug delivery devices [5, 6] , due to their unique properties such as stimulus-responsive properties, sorption, penetrability, and elasticity. Polyvinyl alcohol (PVA), widely used in hydrogel fabrication by freeze-thaw cycles due to its chemical stability, high elasticity, and wear resistance [7] , is a polyhydric environment-friendly and nontoxic polymer [8] . To extend the practical application of PVA hydrogels, many efforts have been done to improve the mechanical strength and thermal properties of hydrogels, such as introducing dangly comb-chains [9] , adding polymer particles or filler such as nanocellulose and graphene oxide in hydrogel networks [10, 11] , cold-treating or freeze-drying [12] , incorporating clay with polymer [13] , and forming interpenetrating network structure [14] . Besides, the swelling properties of hydrogels are one of the important properties related to applications. For example, they are required to have good swelling properties when hydrogels are used as wound dressings [15] . However, in the context of green environmental protection, finding a green filler to improve the mechanical properties of the hydrogel remains a huge challenge.
Nanocrystalline cellulose (NCC), a natural biopolymer with high crystallinity, is one of the most abundant natural polymers in the world. With the development of nanotechnology, the preparation and application of nanocellulose have become another hot research subject. The methods for preparing nanocellulose mainly include TEMPO oxidation [16] and sulfuric acid hydrolysis [17] , but both of them have some toxicity. Various sources, such as rice straws, wood, shells, seed fiber, and waste medium-density fiberboards, have been studied to obtain nanocellulose [18] [19] [20] . In the context of green composites, nanocellulose is often regarded as an ideal candidate reinforcement or green filler because of its low cost, low density, renewable resource origin, and biodegradability [21] . In recent years, nanocellulose has been extensively studied in many aspects, such as reinforced polymers due to its high aspect ratio, excellent mechanical properties, and thermal stability [22] . It has been reported that natural fiber-reinforced polymer composites with excellent properties have been manufactured, and its tensile moduli and strength are 40 GPa and 280 MPa, respectively [23] . Additionally, nanocellulose is nondegradable in the human body, which lacks the enzymes to degrade cellulose, and it has been shown to be biocompatible, which indicates that nanocellulose can be used as a biomedical engineering material [24, 25] . Both nanocellulose and PVA are polyhydroxy polymers, so they have good compatibility. Therefore, it is feasible to choose NCC as a filler for a PVA matrix, and this hybrid hydrogel can be applied as a mask or a wound dressing.
In this work, NCC was prepared by double oxidation, which is a new process for preparing nanocellulose, and a novel hybrid hydrogel was produced from PVA and NCC. Besides, the microstructure and mechanical properties of hydrogels have been studied. The swelling, thermal properties, and water evaporation rate of PVA/NCC hybrid hydrogels also have been investigated. 
Preparation of NCC
Eucalyptus pulp (6 g) was immersed into 10 wt% NaOH solution (200 ml) for more than 5 min at room temperature, and then the filtered pulp was oxidized using 20 wt% (NH 4 ) 2 S 2 O 8 solution (500 ml) at 80°C for 90 min. Then, the product was centrifuged twice at 4000 rpm for 5 min and adjusted to alkalinity after the addition of deionized water (200 ml). Finally, the product was further ultrasonically oxidized using 30% H 2 O 2 (10 ml) at 70°C for 20 min. The reaction came to a halt when 200 ml water was added, and the precipitates were subsequently dialyzed against water using regenerated cellulose dialysis membrane with a molecular weight cutoff of 14,000 for about 6 days. The NCC suspension was obtained after the final product was centrifuged at 4000 rpm for 5 min.
Preparation of PVA/NCC hybrid hydrogels
The PVA/NCC solution was prepared by ultrasonically stirring PVA solution (15 wt%) with NCC suspension (0, 1, 3, 5, and 7 wt% polymer basis) for 20 min at room temperature and then transferred into the square mold. After that, the PVA/NCC hybrid hydrogels were obtained by subjecting the solutions to freeze-thaw cycles repeated five times (16 h at −20°C and 3 h at 25°C).
Characterization

Fourier transform infrared spectroscopy (FTIR)
FTIR spectroscopy was used to examine the chemical structure of NCC and PVA/NCC hybrid hydrogel (Perki-nElmer, USA). Dry sample (2 mg) was mixed with 200 mg dry KBr, and the mixture was pressed into a disk for spectrum recording. The spectra were obtained at 4 cm −1 resolution over 4000-450 cm −1 range and averaged from 60 scans in transmittance mode.
Scanning electron microscopy (SEM)
The morphology of pure PVA hydrogels and PVA/NCC hybrid hydrogels was obtained by cold field emission SEM (Zeiss Merlin, Germany). For morphological characterization, the hydrogels after swelling in water (to an equilibrium state) were freeze dried at −52°C for 8 h. The samples were immobilized on an aluminum plate with conductive carbon tape and coated with gold at 15 mA for 2 min under vacuum condition. The samples were imaged at 20-800,000 magnification at 1-2 nA current intensity and 0.5-30 kV accelerating voltage.
X-ray diffraction (XRD)
The crystal structure of NCC was studied using XRD (Advance, Bruker) with CuKα radiation at an operating voltage of 40 kV and a filament current of 40 mA. The samples were grounded to power and spread on a sample stage followed by a slight press with a glass slide.
The samples were scanned from 4° to 45° (2θ) at a rate of 1.925°/s.
Thermogravimetric analysis (TGA)
TGA measurements were performed by a Netzsch TG209F1 in a flowing N 2 atmosphere with a temperature range from 30°C to 600°C and a heat rate of 10°C/min.
Mechanical property characterization
The mechanical properties were tested with a Gotech-AI7000S testing machine according to GB/T1040. . The hydrogel samples were cut into dumbbellshaped specimens. The measurements were conducted at a relative humidity of 65 ± 2% and temperature of 28 ± 2°C. For each sample, at least five specimens were tested, and the results were average values. The crosshead velocity was 10 mm/min during normal tensile tests.
Swelling ratio (SR)
The swelling behavior of dried hydrogels was determined by immersing the completely dried (60°C for 24 h) hydrogel samples in deionized water at room temperature. Swollen gels were weighed by an electronic balance, at predetermined intervals, after wiping the excess surface liquid by filter paper. Before measuring the weight of the swollen samples, the excess surface water was removed by filter papers. The SR was calculated using the following equation [26] :
where W 0 is the weight (g) of the dried sample and W t is the weight (g) of the swollen sample at time t.
Water evaporation rate
The prepared hydrogel after extraction was immersed in deionized water. Taking a certain weight of the hydrogel after it reached swelling equilibrium, the hydrogel was placed in an incubator at 50°C for 24 h in a humid atmosphere of 50%. The weight of the hydrogel was measured at regular intervals until completely dry. The water evaporation rate was calculated using the following equation [15] :
where W 0 , W t , and W d are the starting weight, measured weight, and last weight of the hydrogel, respectively.
Differential scanning calorimetry (DSC)
The crystallinity of the hydrogels was studied using a TA Instruments Q2000 DSC with a heating rate of 5°C/min and sample masses of 5-10 mg. The hydrogels were freeze dried before measurement. The crystallinity was calculated using the following equation:
where ΔH is the melting enthalpy (J/g) of the hydrogel, W (PVA) is the mass fraction of PVA in hybrid hydrogel, and ΔH m is the melting enthalpy of PVA with 100% crystallinity, and the value of ΔH m is 138 J/g [27] .
Results and discussion
Isolation of NCC from eucalyptus pulp
The FTIR spectrum of eucalyptus pulp and NCC is shown in Figure 1A . The -OH stretching vibration exhibited a strong absorption peak at about 3300 cm −1 , which is a typical cellulose peak [16] . Besides, the peaks at 2900, 1050, and 895 cm −1 , which signified stretching vibration of C-H and C-O bonds and -C 1 H distortion in glycosidic, respectively, are also the typical cellulose peaks. The peak at 1530 cm −1 corresponds to the stretching vibration of the aromatic skeletal in lignin. Besides, two weak peaks at 1247 and 1734 cm −1 are attributed to the C-O and C=O stretching vibration of hemicelluloses, respectively. The disappearance of peaks at 1530 and 1247 cm −1 indicated thorough removal of lignin and hemicelluloses, which means that nanocellulose was successfully separated from eucalyptus pulp. The peak at 1734 cm −1 has not disappeared, indicating that the hydroxyl group in the nanocellulose was oxidized to a carboxyl group. The total yield of NCC from eucalyptus pulp was about 38.3%. The value is higher than that reported in the literature for nanocellulose obtained by other methods, as shown in Table 1 . The morphology of nanocellulose was studied using SEM. A rod-shaped nanocellulose with a large aspect ratio was obtained, as shown in Figure 1B , and it has a length of 405.1 ± 180.5 nm and a width of 31.7 ± 9.5 nm. The NCC suspension can be saved stably for 2 months without significant precipitation, as shown in Figure 2A , which indicates that NCC prepared by double oxidation has good water dispersibility.
Eucalyptus pulp and NCC were analyzed by XRD. In Figure 2B , the XRD diffraction patterns of NCC and eucalyptus pulp used to produce NCC were typical cellulose I as indicated by the three main peaks at 2θ = 15°, 22.6°, and 34.6° corresponding to the (1 -1 0), (2 0 0), and (0 0 4) lattice planes, respectively [31] . However, the XRD diffraction patterns of NCC also exhibited typical cellulose II characteristic peaks at 2θ = 12.1° and 19.8° corresponding to the (1 -1 0) and (1 1 0) lattice planes, respectively [32] . The above results indicated that eucalyptus pulp contained pure cellulose I, but NCC was a mixture of cellulose I and II. This is because cellulose II may be prepared by (NH 4 ) 2 S 2 O 8 oxidation of eucalyptus cellulose I [20% (NH 4 ) 2 S 2 O 8 , 80°C, 90 min], and a similar phenomenon was reported before [28] . Figure 3 shows the infrared spectra of NCC and hybrid hydrogels with different NCC contents. The narrow peak at 1647 cm −1 is the deformation vibration peak of the hydroxyl group, and two weak peaks at 2910 and 1456 cm −1 are attributed to the C-H stretching vibration and -CH 2deformation vibration, respectively. The -OH stretching vibration exhibited a strong absorption peak centered at 3321 cm −1 , revealing that significant hydrogen bonds were formed by the freeze-thaw cycles [33] . The C-O stretching vibration peak at 1054 cm −1 was shifted toward the low wavenumber, showing that a physical reaction occurred between the polymers of PVA and NCC, and hydrogen bonds were formed between PVA and NCC. When the proportion of NCC in the hydrogel was 3 wt%, the C-O tensile vibration peak at 1054 cm −1 was shifted to 1040 cm −1 , indicating that the hydrogen bond formed by the hybrid hydrogel with 3 wt% NCC was the strongest. It can be seen from the change of the absorption peak at 1054 cm −1 that hybrid hydrogels with 1 wt% NCC formed more hydrogen bonds than hybrid hydrogels with 5 or 7 wt% NCC. The morphological characteristics of the hybrid hydrogels with different NCC contents were studied by SEM. In Figure 4 , the pure PVA hydrogels had a porous structure, and the size of pores and the lamellar structures seemed to be affected by the proportion of NCC in the hydrogel. After the addition of NCC, the pore size of the hybrid hydrogel decreases. However, when the proportion of NCC in the hydrogel was 3 wt% or above, the hydrogels exhibited compact structures. This may be because the crosslinking degree of the hybrid hydrogels increased gradually with the increasing proportion of NCC. In this process, PVA plays the role of a hydrogel scaffold, whereas the NCC acts as a cross-linker due to its strong hydrophilic and hydrogen bonding characteristic.
Preparation of PVA/NCC hybrid hydrogels
Swelling behavior of PVA/NCC hybrid hydrogels
Swelling performance is one of the most important properties of hydrogels. Figure 5 shows the swelling-time kinetics curve and swelling equilibrium of different NCC proportions of the hybrid hydrogels. In Figure 5A , different NCC proportions of composite hydrogels have similar swelling processes. In the first 4 h, the swelling rate of the hydrogel gradually increased and slowed down after 5 h. The swelling equilibrium was reached at about 15 h. However, the swelling rate of pure PVA hydrogels is better than hybrid hydrogels, which is attributed to the large pore structure of pure hydrogel. In Figure 5B , the swelling properties of the hybrid hydrogels increased with the increase of the proportion of NCC. The main reason is that NCC was hydrophilic material with polyhydroxyl groups. With the increase of NCC content, the number of hydrophilic hydroxyl groups increased, which is good for the diffusion of water molecules into the hydrogel, leading to a higher equilibrium swelling ratio [33] .
Water evaporation rate of PVA/NCC hybrid hydrogels
In addition to the excellent swelling properties of the hydrogels, the water evaporation rate is also an important characteristic of hydrogels when used as wound dressing [15] . The smaller water evaporation rate of hydrogel dressings could reduce the replacing times for quicker healing, less pain, and great cost savings. In Figure 6 , the percentage of water lost increased sharply in 60 min between 50% and 70%. It also reached a constant water loss percentage in 200 min. After 200 min, all of the hydrogels still retained 5% to 10% water. This shows that the hydrogels have good water evaporation rate. Besides, the crystallinity of hydrogels was calculated from the melting enthalpy, which was tested by DSC. In Table 2 , the addition of NCC increased the crystallinity of PVA hydrogel. In Figure 6 , the water evaporation rate of the hybrid hydrogels was better than the pure hydrogels. This is because NCC, a natural biopolymer with high crystallinity, can increase the crystallinity of PVA hydrogels, which can enhance the water stability of the hybrid hydrogels [34] . The water evaporation rate of the hybrid hydrogels decreased with the increase of the proportion of NCC, which was attributed to the number of hydrophilic hydroxyl groups. However, when the proportion of NCC was increased to 5 or 7 wt%, the number of hydrophilic hydroxyl groups was reduced due to the agglomeration of NCC, so the hybrid hydrogels had the best water evaporation rate when the proportion of NCC in the hydrogel was 3 wt%.
Mechanical properties of PVA/NCC hybrid hydrogels
The tensile strengths of pure PVA hydrogels and PVA/ NCC hybrid hydrogels were comparatively evaluated, and the corresponding tensile mechanisms were analyzed. In Figure 7A , the tensile strength of PVA hydrogels was improved with the addition of NCC. When the proportion of NCC in the hydrogel was 3 wt%, the tensile strength of the hybrid hydrogels achieved optimal value among these hydrogels and increased by 42.4% compared to the pure PVA hydrogel, as the hydrogen bond strengthened gradually and the structure of the hydrogels was more compact with the increasing proportion of NCC. This result was comparable to the results reported for NCC-reinforced hydrogels [35] and even better than the results of some reported NCC-reinforced hydrogels [36] . Therefore, the high strength must be due to the addition of NCC and the remarkable interfacial interactions between PVA chains and NCC [37] . Interestingly, if the proportion of NCC was further increased to 5 or 7 wt%, the tensile strength of the hybrid hydrogel decreased, because NCC may lead to stress concentration due to agglomeration. For better understanding, the structural changes of the PVA/NCC hybrid hydrogel and the proposed nanocellulose-PVA interaction model are shown in Figure 7B .
Thermal properties of PVA/NCC hybrid hydrogels
TGA is a powerful technique to determine the state of polymers and evaluate the intermolecular interaction among polymers in the hydrogel. The initial decomposition temperatures of different hybrid hydrogels are shown in Table 2 . In Figure 8 and Table 2 , the initial decomposition temperature of hydrogels increased after the addition of NCC, which indicates that the addition of NCC improves the thermal stability of the hybrid hydrogel. The reason is that hydrogen bonds between NCC and PVA increased the combination and strength of the hydrogel [34] . 
Conclusions
NCC was successfully isolated from eucalyptus pulp by double oxidation. The prepared NCC was a mixture of cellulose I and II and had a length of 405.1 ± 180.5 nm and a width of 31.7 ± 9.5 nm. Then, a novel PVA/NCC hybrid hydrogel was successfully prepared using the freeze-thaw technique. A physical reaction occurred, and hydrogen bonds were formed between the polymers of PVA and NCC. The pure PVA hydrogels had a porous structure, and the size of the pores was smaller gradually and the structure of the hydrogels were more compact with the increasing proportion of NCC. The addition of NCC raised the tensile strength of the hybrid hydrogels, which was attributed to the synergistic effect of hydrogen bonding and compact structure. The tensile strength of the hybrid hydrogels increased by 42.4% compared to the pure PVA hydrogels. The results showed that NCC can improve the swelling and thermal properties of PVA hydrogels due to the hydrophilic hydroxyl groups of NCC, whereas the water evaporation rate of the hybrid hydrogels is reduced due to hydrogen bonds between NCC and PVA, indicating that NCC as a green hybrid filler enlarges the application fields of PVA hydrogels.
